INTRODUCTION
Modern automobile lamps have a complex body design and contain powerful built-in sources of light. This can create problems for the materials used for their construction. 1 Manufacturers and consumers, in this case [koda Auto a.s., need to know the temperature generated at critical locations and compare it with the temperature limit for each plastic material. Every material has a long-term temperature limit and a short-term temperature limit. 2 Electrical losses of dot-concentrated light are converted into thermal energy. The result of this effect is a temperature gradient, which produces significant thermal stresses within the structure. 3 Solving this problem with an analytical method is a formidable task. The few solutions available cover only simple structural shapes. The only option is to use simulation software such as ANSYS, COMSOL, etc. Verifying the results of a computer simulation is always necessary when high precision is required. Experimentation under the same conditions as in the simulation determines the accuracy of the results or detects possible errors in the settings of the simulation model. Wire thermocouples built into control points are used for the temperature measurement. Deviations between the simulation and reality are determined from the heat-settled part of the experiment.
EXPERIMENTAL PART
To numerically simulate an automotive lamp (Figure 1) , the ambient temperature during the experiment must be known. A lamp placed inside an environmental simulation chamber (type: MK 720 E3.1) manufactured by Binder was used for this purpose. This device can maintain the required temperature by forced convection in a very small range.
Description of the measurement circuit
Data collection during the experiments consists of five major parts (Figure 2) . First, data is measured through the thermocouples. Then, information in millivolts is transferred into a 7001 switch system manufactured by Keithley, an American company. This model is a half-rack, high-density, two-slot mainframe with a maximum of 80 signal channels (in this experiment, 12 wire thermocouples were used). The built-in, non-volatile memory stores up to 100 complete switch patterns. Then, the signal from the switcher is transferred through a GPIB cable into a Model 2000 multimeter made by the same company. Model 2000 is a high-performance digital multimeter, which can measure DC voltage, AC voltage, DC current, AC current, two-and four-wire resistance, and temperature. A thermocouple card is placed at a built-in cold junction. The final step is to save the data as a .txt file.
Assembly of the thermocouples
Measurement points (the locations of the thermocouples) were chosen based on the simulation results from two cross-sections, A and B (Figure 3) . At these points, 1-mm-diameter holes were drilled to a depth of 1 mm. The junction of a wire thermocouple was embedded into to this hole and filled with a high-temperature-resistant epoxy (Figure 4a) . The operational temperature range of this epoxy is from -55°C to 180°C, and its thermal properties are similar to PP GF30, the plastic material used for the body of the lamp. If the hole for the thermocouple is made into a transparent material (such as the glass of a lamp), an epoxy with the same optical properties must be used due to transmittance (Figure 4b ). Using a material with different properties has a negative effect on the temperature measurement near the built-in thermocouple. A K-type thermocouple was used to record the data. This type is the most common general-purpose thermocouple, with a sensitivity of approximately 41 μV/°C. 4 K-type thermocouples are recommended for use in oxidizing or completely inert atmospheres in a temperature range of -200°C to 1260°C. The positive wire consists of 90 % nickel and 10 % chromium, while the negative wire is consists of 95 % nickel and 5 % aluminum and silicon. 
Calibration
Each thermocouple had to be calibrated before the first measurement to obtain accurate results. This is due to the fact that thermocouples do not always have exactly the same characteristics, even if they meet fairly strict standards and tolerances. Calibration represents a deviation between the thermocouple measurement and a precise etalon. For a K-type thermocouple and a temperature range from -40°C to 375°C, the tolerance is ±1.5°C (the highest class of accuracy). All the thermocouples had a deviation under the tolerance value. The tolerance of thermoelectric voltage U is determined with the following Equation (1)
where DU T is the thermoelectric voltage tolerance, DT is the temperature difference (°C), T is the temperature (°C), and U T is the thermoelectric voltage (V).
LAMP SIMULATION
Predictions of the temperatures of the lamps were computed with computational fluid dynamics (CFD). The CFD process consists of three important steps: pre-processing, solving, and post-processing.
Pre-processing
The geometry of the lamp was imported from raw CAD data. The next step was to create a computation mesh. The CutCell meshing method ( Figure 5 ) in ANSYS TGrid 14.5 was used for this purpose. This method was chosen because its preparation time is shorter than the times needed for conventional approaches. The size of the mesh was about 13 million polyhedral cells and the average size of these cells was 1 mm.
Solving
The resulting mesh was exported into the ANSYS Fluent 14.5 solver, where appropriate boundary conditions were set up. These boundary conditions included the type of fluid flow (laminar), the material properties, the emissivity of the surfaces, the heat source, and, eventually, the forced convection around the lamp (simulating an environment as similar as possible to the climate chamber).
The distribution of temperatures inside the lamp depended mainly on natural convection (incompressible ideal gas) and radiation of the heat from the bulb. The heat absorbed by the surfaces was transported through the materials by heat conduction. The DO (discrete ordinate) model was used to model the radiation, allowing a calculation for semi-transparent walls.
The DO model uses a discretization technique, which solves the radiation-transfer equations for a finite number of angles or directions. The angular discretization is controlled by either increasing or decreasing the amount of theta-phi divisions and pixels. 6 The number of divisions and pixels should therefore be kept at a minimum in order to keep computational costs as low as possible, but the minimum amount will also give the coarsest discretization. The settings vary between a minimum of 3 × 3 × 3 × 3, which is the coarsest, to 10 × 10 × 10 × 10, which is the maximum and gives the highest accuracy and finest discretization. Since the maximum discretization requires a lot of computational time and data storage, the angular discretization used in the radiation model was determined to be 6 × 6 × 6 × 6, which was sufficient. The effect of solar radiation could be specified but was not used for this case.
The solver solves the mass, momentum, energy and radiative-transport equations throughout the whole domain. The equations are discretized along the cells of the domain and solved until convergence is reached. 
Post-processing
The results from the solution were visualized with plotting parameters of interest for every part, in our case focusing mainly on the temperatures. Post-processing was performed in ANSYS CFD-Post.
MEASURED DATA
The following two diagrams (Figures 6 and 7) show recorded temperatures of the lamp during the experiment for an ambient temperature of 70°C, a bulb supply voltage of 13.2 V and a sampling frequency of 5 s.
DISCUSSION
Figures 8 to 10 show a comparison between the numerical and experimental results (the temperature distributions were plotted for two cross-sectional points, A and B), including a bar graph showing the variation between the measurement and the simulation. 
